Optical coherence tomography (OCT) is a non-invasive imaging technique, which has previously demonstrated potential for use in dermatology. The purpose of this study is to demonstrate how improvements in image quality, speed, and functionality enable qualitative and quantitative information to be obtained from in vivo human skin. We developed a portable fiber-optic based OCT imaging device that requires only 1 second to simultaneously provide high-resolution images of skin structure, collagen birefringence, and blood flow. Images of normal human skin were acquired in vivo, and features compared with clinical and histologic observations. The layered structure and appendages of skin were apparent in conventional OCT images, and correlated well with corresponding histology. Polarization-sensitive OCT images simultaneously revealed birefringent regions within the dermis corresponding to the location of collagen fibers, as confirmed with polarized light microscopy. Properties of collagen-rich tissues including tendon and scar tissues were quantified. Location of blood flow was also displayed alongside structural and polarization-sensitive images. Significant improvements in OCT technology have been made since its early application in dermatology. In particular, combining the previously described structural and Doppler imaging functions with polarization-sensitive imaging increases the utility of the technique for rapid, non-invasive investigations in the skin.
Optical coherence tomography (OCT) is a non-invasive technique capable of generating cross-sectional images of tissue microstructure (Huang et al, 1991) . Analogous to ultrasound, OCT uses infrared light instead of sound waves, and employs interferometric methods to detect light reflected from within tissue. OCT images are formed by dividing light from an optical source into two paths, one of which is directed to the tissue sample, and the other to a reference mirror. Light reflected from the sample is recombined with light from the reference mirror and detected, forming an interference signal only when the lengths of the sample and reference paths are matched to within a short distance termed the coherence length of the light source. By adjusting the path length of the reference arm to match locations within tissue, a profile of reflected signal amplitude is obtained as a function of depth in the sample. By acquiring such depth profiles or A-lines as the beam is scanned across the tissue sample, a two-dimensional image or B-scan may be formed, analogous to a vertical section in histology.
Previous reports describing OCT imaging of skin demonstrated resolution superior to high-frequency ultrasound, with direct comparison of these methods reported recently by Vogt et al, (2003) . Epidermal and dermal layers could be distinguished, and skin appendages including hair follicles and eccrine ducts were identified in normal skin (Schmitt et al, 1995; Welzel et al, 1997; Pan and Farkas, 1998; Pagnoni et al, 1999; Gladkova et al, 2000; Welzel, 2001) . Correlation of OCT images with histology confirmed observation of morphologic changes such as blistering, and inflammatory conditions including psoriasis (Welzel et al, 2003 (Welzel et al, , 2004 . Effects of topical and sub-dermal treatments on skin structure and dimension have also been monitored over time using OCT. Systems based on 830 nm light sources demonstrated imaging to depths of around 700 mm in skin (Welzel et al, 1997; Pan and Farkas, 1998) , with reduced scattering in the 1310 nm wavelength region enabling imaging to depths of around 1.2 mm (Schmitt et al, 1995; Pan and Farkas, 1998; Pagnoni et al, 1999; Gladkova et al, 2000; Welzel, 2001) . It should be recognized that with increased imaging depth, transverse resolution must be sacrificed to ensure that the optical beam remains well focused over the entire imaging depth. The reduced imaging depth achievable with 830 nm sources permits use of focusing optics with higher numerical apertures, with a correspondingly smaller beam size resulting in higher transverse resolution, though over a reduced depth range. In OCT, axial and transverse resolutions degrade with increasing depth in scattering media such as skin, with dependence on tissue optical properties and incident beam parameters. Smithies et al (1998) used a numerical simulation to analyze this effect, computing the axial and lateral spread in backscatter location as a function of the beam depth, for intralipid solutions and blood. The mean transverse backscatter location showed no systematic deviation from zero, as expected by symmetry. A loss of transverse resolution, however, indicated by an increase in the standard deviation on this mean position, was demonstrated. At depths within three mean free paths (3 mm for m s ¼ 1 per mm, typical for skin illuminated at a wavelength of 1310 nm), the standard deviation on both mean axial and transverse backscatter location increased approximately with the square of optical depth.
Earlier OCT systems typically required many seconds or minutes to generate a single OCT image of tissue structure, raising the likelihood of suffering from motion artifacts and patient discomfort during in vivo imaging. To counter such problems, techniques have been developed for scanning the reference arm mirror at sufficiently high speeds to enable real-time OCT imaging (Tearney et al, 1997) .
In addition to obtaining images of internal tissue structure based purely on the amplitude of the reflected signals, information concerning tissue functionality may be extracted by considering the wave properties and the polarization state of light. Regions of blood flow have been identified by both Doppler (Chen et al, 1997; Izatt et al, 1997) and phaseresolved techniques (Zhao et al, 2000a, b) , enabling vessels and capillaries to be located and flow velocity determined. Certain components of the skin possess an ability to change the polarization state of light by virtue of being birefringent. In skin, birefringence is attributed to the regular arrangement of collagen fibers in the dermis. Polarizationsensitive OCT (de Boer et al, 1997 (de Boer et al, , 1999 Saxer et al, 2000) allows polarization effects to be quantified and related to the structural integrity of the collagen scaffold, as demonstrated by PS-OCT imaging of thermally damaged skin (Park et al, 2001) .
These Doppler and polarization-sensitive functions provide distinct, complementary information to structural OCT images. We sought to integrate these capabilities in a highspeed multifunctional OCT system specifically tailored toward dermatology. In order to produce such a system suitable for clinical research, several technical obstacles needed to be resolved. The simultaneous display of multiple structural and functional OCT images was precluded by prohibitively long computation times in combination with non-optimal interferometer arrangements. We have developed a clinically viable fiber-optic-based OCT system, simultaneously providing high-quality images of tissue structure, birefringence and flow in real time. In this paper, we present such images of in vivo human skin, demonstrating advances in both qualitative and quantitative OCT imaging in dermatology.
Results
A structural OCT image of skin on the upper arm of a human volunteer is shown in Fig 1A, with the skin surface lightly contacting the glass window of our scanning handpiece, visible near the top of the image. The epidermis (e) is approximately 150 mm thick at this location, with the dermis (d) extending to the lower boundary of the image. For comparison, a histologic section of skin from the same location is provided in Fig 1C at the same magnification. Figure 1B shows the corresponding polarization-sensitive OCT image, with a transition from black to white occurring at a depth of around 300 mm below the surface, indicating a change in the polarization state of light returning from this location. With reference to Fig 1A, it can be seen that this change takes place in the dermal layer, and we attribute this to the presence of birefringent collagen fibers that are not present in the overlying epidermis. Polarized light microscopy was used to identify birefringent regions in the same histologic section, with collagen fibers appearing bright ( Fig 1D) . The location of the sample surface is indicated in this image, demonstrating the same lack of birefringence in the epidermal region as observed in the PS-OCT image.
As an example of how regional variations in skin may be visualized with OCT, Fig 2 presents images and corresponding histology of skin from the forehead. Compared to the skin from the arm presented in Fig 1, there is a higher density of sebaceous glands in this region, resulting in a less uniform distribution of collagen fibers and reduced birefringence, seen in both polarization-sensitive OCT ( Fig 2B) and polarized light microscopy images (Fig 2D) . In a separate study , these regional variations in collagen birefringence were quantified using OCT imaging on a group of healthy volunteers.
In addition to the dermis, other tissue components also exhibit birefringence in varying degrees. overlying the metacarpal phalangeal joint of the index finger. The epidermal (e) and dermal (d) layers are visible, covering the tendon (t) beneath. Similar to the normal skin in Figs 1B and 2B, the dermal layer appears birefringent, and deep to this is the extensor tendon demonstrating a higher frequency of black and white banding in the polarization-sensitive image. This change in the polarization state of light occurs more rapidly in the tendon, indicating increased birefringence compared to dermal tissue.
Storage of data in digital form enables quantitative analysis of multifunctional OCT images with our analysis software. Conventional OCT images enable measurement of structural dimensions such as epidermal thickness, as well as the relative location and density of tissue components. Quantitative assessment of tissue functionality is also possible through birefringence and flow measurements. For example, in the skin, collagen loses its birefringent properties when thermally damaged (Thomsen, 1991; de Boer et al, 1998) . This fact has been exploited in multifunctional OCT measurements to evaluate depth of thermal injury in burned rodent skin (Park et al, 2001) , where the characteristic black-white transition seen in healthy skin of Fig 1B is either reduced or lost completely.
Conversely, the reorganized collagen formed during wound healing exhibits increased birefringence relative to normal skin. Figure 4 shows structural (A) and polarizationsensitive (B) images taken across a mature scar on the hand of a volunteer. The layered structure of epidermis and dermis is evident in Fig 4A, and the scar region appears slightly darker at the center of the image. Although this darkening is quite subtle in the structural image, the polarization-sensitive image reveals significantly higher birefringence in the scar region marked by the arrow, indicated by localized, high-frequency white-black banding, which we hypothesize is due to reorganized collagen at this scar site. Figure 4C demonstrates quantitatively the difference in birefringence between tissue at the scar site and normal skin. Displaying the phase retardation between orthogonal polarization states from 01 (black in polarization-sensitive images) to 1801 (white), the mean phase retardation within the scar region indicated in Fig 4B rapidly cycles between around 22.51 and 1601, completing over five full cycles within a 1 mm depth. In contrast, the mean phase The addition of polarization sensitivity allows us to expand the utility of conventional OCT, and recently we identified a loss of collagen birefringence in invasive basal cell carcinoma . Simultaneous incorporation of flow-sensitivity provides further information, and Fig 5 shows structural, polarization-sensitive, and flow-sensitive images for two different lesions, identified clinically as a sebhorric keratosis (A, C, E), and a small cherry angioma (B, D, F). All images are 5 mm wide and 1.4 mm deep. Both lesions appear similar in appearance in the structural images (A and B), remaining superficial, with the lower boundaries visible in each case. In the polarization-sensitive images (C and D), the normal black to white transition associated with dermal collagen birefringence is preserved below each lesion. A clear difference, however, is apparent on inspection of the flow-sensitive images, where significant vascular activity is indicated by the white regions in the cherry angioma image (F), in contrast with a complete absence of flow within the sebhorric keratosis (E). The white haze at the base of both Fig 5E and F is not due to blood flow, but appears at locations where the backscattered signal is low (correlated with the low-signal (white) regions in Fig 5A and B) . The appearance of these regions may be compared with the higher-contrast white region within the cherry angioma image in Fig 5F , which is due to blood flow at this location. Clinically, these two lesions would not be mistaken for one another; however, our intention here is to demonstrate that the simultaneous addition of polarization and flow sensitivity can provide useful, complementary information and contrast when displayed alongside structural OCT images.
Discussion
Imaging and visualization of tissue structure and function is of fundamental importance in the field of dermatology. Conventional optical microscopy, fluorescence microscopy, and confocal microscopy are established imaging modalities, each with individual strengths and weaknesses. OCT has emerged in recent years to provide subsurface tissue imaging with resolution at the 10 mm scale, and a field-ofview covering several millimeters. Early systems indicated potential applications of OCT in dermatology, however, the system used here incorporates several significant technological advances made since OCT devices were initially used to image the skin. These improvements in system design and implementation yield structural images of improved quality compared to earlier OCT systems, providing resolvable detail to a full depth of 1.4 mm. Additional information, complementary to tissue structure is provided by the simultaneous display of polarization-sensitive and flowsensitive (Doppler) images, with all three images requiring only 1 s to display.
Biopsy and histologic processing remain the gold standard for tissue diagnosis, and we are not proposing that OCT will replace such techniques. With the improvements in OCT technology described here, we have explored applications in both basic research and clinical studies, where this technology may prove useful. Several types of invasive lesions, including basal cell carcinoma, can cause a breakdown of collagen structure, resulting in a loss of birefringence which has been quantified using PS-OCT . Conversely, the healing response of skin, as demonstrated at the site of scar tissue, leads to a localized increase in birefringence. Changes in birefringence have also been observed in PS-OCT images of photoaged skin in both animal and human studies, which we aim to correlate with changes in collagen distribution and structure.
The ability to visualize and monitor blood flow is also significant, since many abnormalities of the skin are accompanied by a deviation from normal levels of vascular activity. For example, in burn wounds, the presence of patent vessels has been used as an indicator of skin viability, and in the development of cancer and several other diseases, angiogenic mechanisms are understood to play a fundamental role. We have used the Doppler capabilities of OCT to visualize the high density of blood vessels and capillaries in tumor regions, and also to observe a reduction in blood flow during the course of photodynamic therapy for tumor removal.
The maximum depth at which either backscatter, polarization or Doppler information can be obtained is determined by the OCT system sensitivity and optical properties of the target tissue. To maximize the penetration depth of light in highly scattering tissues such as skin, optical sources are commonly chosen with emission centered at around 1310 nm. Imaging in this spectral region takes advantage of the 1/l 4 -dependent reduction in scattering with increasing wavelength, before absorption by the water content of tissue becomes the dominant attenuation mechanism at wavelengths in the mid-infrared. With the 1310 nm OCT system described here, we typically find that insufficient light is collected to permit structural imaging at depths beyond 1.5 mm. Polarization and Doppler information cannot be extracted from depths beyond this structural imaging limit, and additional limiting factors may also exist. The flowsensitive images of Fig 5E and F demonstrate how weakly reflecting regions deep in the tissue appear as a faint white haze, where the measured backscattered signal is too low to allow accurate phase calculation, therefore preventing flow determination. These regions may, however, be distinguished from true blood flow, which typically results in a clearly demarcated, high-contrast white region among a stationary (black) background, as seen within the cherry angioma in Fig 5F . Determination of birefringence may also be restricted to the upper portions of an image, as seen in Figs 1B and 2B, where random changes in the polarization state of light due to scattering events produce a scrambled appearance at depths beyond around 0.8 and 0.6 mm, respectively. Changes in polarization due to birefringence of organized, linear structures are characterized by a regular effect, distinct from random changes in polarization due to scatterers of varying size, shape and distribution. When birefringence is the dominant polarization-altering mechanism, information may still be retrieved, as demonstrated in Fig 3B, where banding due to the birefringent tendon is evident at the full 1.2 mm depth of the image.
The information contained in OCT images is inherently quantifiable, either simply in terms of size and dimension in structural images (Welzel et al, 2003) , magnitude and direction of blood flow (Izatt et al, 1997; Zhao et al, 2000b) , birefringence with optic axis orientation in polarization-sensitive images (de Boer et al, 1999; Pierce et al, 2004) , or measurement of the basic optical properties of tissue (Knü ttel and Boehlau-Godau, 2000; Welzel et al, 2004) . Disease progression can be investigated in situ, without removal of tissue, enabling the same tissue location to be monitored over time. Therapeutic effects have also been observed, both during initial treatment and in long-term follow-up. In conclusion, we have demonstrated an OCT system with significant improvements over early devices used in dermatology, increasing the utility of the technique for non-invasive studies in the skin.
Materials and Methods
Subjects Healthy volunteers were recruited for this study after signed informed consent documents were obtained, under a protocol approved by the Institutional Review Board of Massachusetts General Hospital.
Improvements in OCT instrumentation Technical aspects concerning the design and operation of our OCT imaging system were described previously (Pierce et al, 2002; Park et al, 2003) . Briefly, the light source is a semiconductor optical amplifier, with 20 mW unpolarized output power, and bandwidth of 70 nm centered at a wavelength of 1310 nm, to provide good penetration depth in skin. Fiber optic components are used to provide a stable device, largely insensitive to misalignment. Use of a fiber optic circulator increases the power efficiency of the system compared to most OCT designs where 50% of the light reflected from tissue is lost in the direction of the source (Bouma and Tearney, 1999 ). An unequal splitting ratio between sample and reference arms (90:10 in this case) instead of the conventional 50:50, provides increased optical power to the tissue, increasing the system sensitivity and maintaining the reference arm power such that the system operates in the shot noise limit. Light is directed onto the skin via a hand-held probe, shown in Fig 6 , resulting in a polarized incident power of 7 mW, focused to a spot of around 25 mm diameter. This power level is below the safe occupational exposure level established by the American National Standards Institute (ANSI Z136.1).
Image processing and display/data analysis Conventional OCT images of backscattered light intensity are generated by displaying Figure 6 Photograph of the OCT handpiece. The region to be imaged is placed in light contact as shown.
the amplitude of the interference fringe envelope for all 2048 Alines comprising each B-scan image. Envelope amplitude is mapped onto an 8-bit gray scale with black representing high backscattering intensity. All OCT image sizes given here are physical (as opposed to optical) dimensions, assuming a constant tissue refractive index of 1.4.
Polarization-sensitive OCT images identify birefringent tissue regions by measuring the polarization state of light reflected from all depths within tissue. At each location on the tissue surface, the polarization state of incident light is determined and represented by a black-colored pixel in the image. We then display the intensity-weighted mean of the accumulated phase retardation angles experienced by the two incident polarization states of light, again on a gray scale from black (01) to white (1801), and cycling back to black again for a full wave retardation (3601). On propagation through non-birefringent tissue, the polarization state of light will not change, no phase retardation is incurred, and therefore the image color remains unchanged. The rate at which the polarization state of light changes with depth is proportional to the magnitude of tissue birefringence, which may be visualized by the frequency of black-to-white transitions in polarization-sensitive images.
Light which is backscattered from a moving object will be Doppler shifted to a higher or lower frequency than light remitted from a stationary object, enabling the location and velocity of blood flow to be determined. We generate phase-sensitive OCT images by comparing the phase of the interference fringe signal with the phase at the same depth location in neighboring A-lines. Light backscattered from a moving particle will incur a phase shift relative to light returning from a stationary scatterer, proportional to the Doppler shift, and we display the variance of these phase shifts on a gray scale from black (0 rad 2 ) to white (2.5 rad 2 ). For a complete mathematical treatment of our data analysis, we refer the reader to references by Park et al (2003) and Pierce et al (2002) . It should, however, be noted that all three images are obtained from data acquired in a single B-scan, and all image sets presented here (intensity, birefringence and flow) were acquired and displayed in 1 s.
